BACKGROUND: Raised intracranial pressure (ICP) may lead to increased stiffness of the optic nerve sheath (ONS). OBJECTIVE: To develop a method for analyzing ONS dynamics from transorbital ultrasound and investigate a potential difference between patients with raised ICP vs normal ICP. METHODS: We retrospectively analyzed data from 16 patients (#12 years old) for whom ultrasound image sequences of the ONS had been acquired from both eyes just before invasive measurement of ICP. Eight patients had an ICP $20 mm Hg. The transverse motion on each side of the ONS was estimated from ultrasound, and Fourier analysis was used to extract the magnitude of the displacement corresponding to the heart rate. By calculating the normalized absolute difference between the displacements on each side of the ONS, a measure of ONS deformation was obtained. This parameter was referred to as the deformability index. According to our hypothesis, because deformability is inversely related to stiffness, we expected this parameter to be lower for ICP $20 mm Hg compared with ICP ,20 mm Hg. The one-sided Mann-Whitney U test was used for statistical comparison. RESULTS: The deformability index was significantly lower in the group with ICP $20 mm Hg (median value 0.11 vs 0.24; P = .002). CONCLUSION: We present a method for assessment of ONS pulsatile dynamics using transorbital ultrasound imaging. A significant difference was noted between the patient groups, indicating that deformability of the ONS may be relevant as a noninvasive marker of raised ICP. The clinical implications are promising and should be investigated in future clinical studies.
A ssessment of intracranial pressure (ICP) remains a fundamental tool in the care of patients with certain neurological disorders. Invasive monitoring of ICP, using microsensor devices placed within the brain parenchyma or transduced external ventricular drains remain the gold standard. These techniques provide valuable diagnostic information, but have specific limitations, with the most significant of these being the risk of infection and hemorrhage. [1] [2] [3] The indications for ICP monitoring beyond some of the guidelines for severe traumatic brain injury, however, still remain unclear. 4, 5 This results in unnecessary invasive procedures being performed and highlights the need for a reliable noninvasive technique to estimate ICP. Numerous noninvasive surrogate markers of ICP have been described, [4] [5] [6] [7] but none of these have yet been able to replace invasive monitoring as the criterion standard technique.
The optic nerve sheath (ONS) is a continuation of the intracranial meninges, and the perineural subarachnoid space surrounding the optic nerve is a septated, trabeculated region filled with cerebrospinal fluid (CSF). 8 The ONS compartment represents a cul-de-sac space, which is in communication with the intracranial subarachnoid space, and an increase in CSF transmission to the ONS occurs when ICP is increased. [9] [10] [11] Consequently, the accumulation of CSF within the perineural space due to increased ICP can result in distension of the ONS and the optic nerve protrusion or flattening of the posterior globe. 12 The relationship between ICP and the optic nerve sheath diameter (ONSD) has been described by several authors with varying accuracy. 13 The most distinct limitation of these studies is the difficulty in defining the stiffness of the ONS, a parameter that would be extremely helpful in interpreting the ONSD.
OBJECTIVES
We propose that the increased pressure and subsequent distension may lead to increased stiffness of the nerve sheath. Analyzing ONS dynamics may then provide information that is complementary to the static measurements of ONSD. Therefore, the objectives of this study were to develop a method for analyzing in vivo dynamic properties of the ONS using transorbital ultrasound imaging and to investigate a possible relationship with ICP.
METHODS Hypothesis
Our work was based on the idea that cardiovascular pulsation (ie, caused directly by arterial pulsation or transmission of pulsatility through the CSF) leads to motion of the ONS. Hypothesizing that the ONS becomes stiffer with increasing ICP, we suggest that the transverse motion (ie, perpendicular to the ONS) will be more equal on each side of the nerve with high ICP compared with normal ICP. We quantified this by the absolute difference between the magnitude of the transverse pulsatile displacements on the left (d Left ) and right (d Right ) side of the ONS, normalized by the sum of the displacements: 
The value of this dimensionless parameter indicates how much the ONS deforms during cardiovascular pulsation, and was therefore interpreted physically as a measure of deformability and referred to as the deformability index. According to the hypothesis, because the ability to deform is inversely related to stiffness, we expected this parameter to be smaller in the high ICP group than in the normal ICP group.
Participants
We performed an exploratory research study, retrospectively analyzing data from 16 patients (#12 years old), managed at the Red Cross War Memorial Children's Hospital (Cape Town, South Africa). Inclusion Middle, transverse pulsatile displacements as a function of time (vertical axis) after extraction of the motion component corresponding to the fundamental heart rate frequency. Note that the curves are strongly zoomed in compared with the images in the upper row (the squares are 25 pixels wide; pulsation is approximately 0.1 pixel). Lower, the same curves superimposed, with transverse pulsatile displacement along the vertical axis and time along the horizontal axis. Note that the displacements are more symmetric on each side of the optic nerve for the patient with ICP $20 mm Hg in comparison with the patient with ICP ,20 mm Hg. This is consistent with the idea that raised ICP makes the ONS stiffer, which could be observed as more equal transverse motion on each side of the ONS (ie, less deformation). ICP, intracranial pressure; ONS, optic nerve sheath. Color version available online only. criteria were: (1) invasive ICP measurement via insertion of a parenchymal microsensor or a ventricular catheter was performed during a diagnostic or therapeutic intervention, and (2) concurrent transorbital ultrasound images of the ONS were acquired. Patients with ocular pathology or trauma to the orbit were excluded. The human research ethics committee of the University of Cape Town and the research committee of the Red Cross War Memorial Children's Hospital approved the study. Informed consent was obtained for all patients enrolled in the study. The demographic details are listed in Table 1 .
Image Acquisition
A single investigator experienced in the use of transorbital ultrasonography acquired ultrasound images from both eyes using a 15 MHz linear array probe (L15-7io; Philips, Bothell, Washington). The images were acquired after the patients were intubated and ventilated, just prior to insertion of the invasive ICP monitor. The initial and most stable ICP reading acquired from the invasive monitoring was used as a spot ICP reading for comparison with the ultrasound images. Patients were always placed in the supine position, head central, slightly flexed, and elevated to about 30°. The image acquisition process was similar to the technique used for ONSD measurement, and, as such, observer experience and variability remain important issues. The heart rate was recorded and ultrasound acquisition was performed when the hemodynamic parameters were stable. The image depth varied from 3 to 5 cm and spatial image resolution varied from 0.06 to 0.11 mm per pixel. The duration of each image sequence was 5 to 10 seconds, and the temporal resolution varied from 40 to 56 frames per second. The ultrasound image depicting the ONS structures and the pixels used for tracking are described in Figure 1 .
Image Processing
The objective of the image processing was to exploit the high temporal resolution of the ultrasound images for analyzing motion related to cardiovascular pulsation on each side of the optic nerve sheath. The approach is explained in Figure 2 and in the following text.
First Step: Tracking
Tracking was initialized by manually selecting a point at similar depths on both sides of the ONS in the first frame of each image sequence. The motion was then automatically tracked over the entire sequence using normalized 2-dimensional cross-correlation from frame to frame for a region of interest (25 by 61 pixels) around the selected points. The ultrasound data were interpolated, and parabolic approximation was applied to the correlation matrix for subpixel motion estimation. The motion component transverse to the nerve (ie, in the horizontal image direction) was extracted for further analysis.
Second Step: Fourier Analysis
To extract the motion that was related to the cardiovascular pulsation, we applied Fourier analysis to obtain the frequency components of the transverse motion. The magnitude of the (fundamental) frequency component corresponding to the heart rate of each patient was extracted for the left and right side of the ONS in each data set, yielding the transverse pulsatile displacements d Left and d Right , respectively.
The algorithm was implemented in Matlab (MathWorks, Natick, Massachusetts).
Data Analysis and Statistics
Because the data were retrospectively analyzed, we expected some outof-plane motion, which is known to deteriorate correlation-based tracking; therefore, a blinded operator graded each data set on a scale from 0 to 2: grade 0: steady acquisition, barely perceivable probe movement; grade 1: perceivable probe motion, no loss of ONS appearance; and grade 2: distinct probe movement with some loss of ONS appearance.
Seven data sets scoring grade 2 were excluded, leaving 25 data sets for further analysis.
The motion analysis was run 5 times for the left and right sides of the optic nerve sheath for each data set to account for variability due to the manual initialization of the tracking region. The mean of the 5 displacement values was used as the motion estimate, and the variation was quantified by using pooled standard deviation.
The 25 data sets were split into a group with ICP $20 mm Hg, and a group with ICP ,20 mm Hg, comprising 10 and 15 data sets, respectively. The D was calculated by using Equation 1, and the onesided Mann-Whitney U test was used to statistically compare the 2 groups, with significance level P , .05. Diagnostic accuracy was investigated using receiver operating characteristic (ROC).
RESULTS

Descriptive Data
We analyzed a total of 25 data sets. The transverse pulsatile displacement at each side of the ONS was assessed 5 times for each data set. The mean transverse pulsatile displacement of the ONS was 8.3, with a pooled standard deviation of 0.54 measured in percentage of a pixel.
Main Results
The deformability index of the ONS was calculated for each data set. The median was D = 0.11 for the high ICP group compared with D = 0.24 for the normal ICP group (P = .002). Figure 3 shows a box plot illustrating the median and spread for each group. Results for each patient are included in Table 2. ROC analysis gave an area under curve (AUC) of 0.85 (95% confidence interval, 0.61-0.97) (Figure 4) . Choosing a cutoff value of D = 0.121 yielded a sensitivity of 90% and a specificity of 87%. With the use of this cutoff, 3 of 25 (12%) data sets would be wrongly classified.
DISCUSSION
The aims of this study were to develop a method for analyzing the pulsatile dynamic properties of the ONS using transorbital ultrasound imaging and to investigate a possible relationship with ICP. Specifically, we proposed a hypothesis stating that increased ICP leads to increased stiffness (ie, reduced deformability) of the nerve sheath.
Key Results
The most important finding was the difference between the deformability of the ONS in the group with ICP $20 mm Hg compared with the group with ICP ,20 mm Hg, thus clearly supporting the hypothesis. ROC analysis showed an AUC = 0.85, and suggested a cutoff value of D = 0.121, with lower values indicating raised ICP and higher values indicating normal ICP.
Limitations
The main limitations of this study were the relatively small number of patients, and the fact that the analysis was performed retrospectively and not in a blinded fashion. The pediatric cohort examined in this study warrants further validation of the technique in an adult study population. The study was performed in a controlled environment with patients under general anesthesia for invasive ICP measurement. Although the stability of the hemodynamic parameters were maintained between image acquisition and ICP measurement, the effect of the anesthetic drugs on the measurement is not known. Therefore, the findings in this study also will require validation in awake patients. The image acquisition was performed by a single investigator experienced in the use of transorbital ultrasound, and is thus also limited by the issue of observer variability. Furthermore, although an exploratory research design was suitable for providing insight into the unknown relation between ONS motion and ICP, the nature of the design may limit the ability to draw definite conclusions, particularly regarding issues such as acute change vs long-standing ICP. Compared with invasive ICP monitoring, which can provide continuous, real-time assessment of ICP patterns, the described technique of assessing the pulsatile dynamics of the ONS currently only provides a spot assessment of ICP. Notwithstanding these limitations, the difference between the 2 groups in this study is quite convincing. Previously, it has been shown that the retrobulbar segment of the ONS is distensible and therefore dilates when ICP is increased.
14,15
The technique of ONSD measurement has gained steady support as a noninvasive surrogate marker of raised ICP. However, measurement of the ONSD does not yet provide an accurate assessment of ICP, largely because the optimal cutoff point for the ONSD measurement in patients with normal vs raised ICP has varied considerably. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] The noted variation in ONSD between studies is likely attributable to a more complex relationship between the ONS and ICP, involving variability in the stiffness at different ICP thresholds. The magnitude of ONS distension caused by the increase in pressure within the subarachnoid space may depend on a variety of factors, including the degree to which ICP is increased, the rapidity of the increase in ICP, and the elastic FIGURE 5. Illustrating the effect of out-of-plane motion (patient A, right eye). Upper, the ultrasound image sequence at 2, 3, and 4 seconds into the sequence. The appearance of the ONS at 3 seconds is clearly different compared with the appearance at 2 and 4 seconds, thus scoring an out-of-plane motion grade 2 (and hence excluding it from the analysis). Lower, transverse motion at left (blue line) and right side (black) of the ONS (before extraction of the heart rate frequency component). At approximately 3 seconds, the processing method interpreted the out-of-plane motion as if the left side had a large pulsatile motion, with duration approximately the same as the heart cycle (78 bpm [ie, 0.77 second period]). Therefore, the analysis failed for this data set. ONS, optic nerve sheath. Color version available online only. characteristics of the ONS, which influence the capability for distension and retraction of the ONS. 26 The relationship between ICP and nerve sheath distension is therefore integrally related to the stiffness of the sheath itself.
Although we identified some articles measuring the static diameter at different time points with subsequent comparison of individual measurements, 14,27-29 our search did not reveal any published data describing dynamic imaging of the ONS over the cardiac cycle to assess in vivo dynamic characteristics of the ONS.
Interpretation
In this study, we investigated how pulsatile forces deform the ONS dynamically during the cardiac cycle rather than the absolute distention related to the increased pressure within the ONS. Therefore, we believe that our approach may provide information that is complementary to the ONSD and likely contributes to an overall improvement in assessing the ONS in cases of suspected increased ICP, either as an individual marker or by augmenting the interpretation of ONSD measurements. The concept of pulsatile dynamics of the ONS could improve specificity, for example, in comparison with ONSD alone, by differentiating between pathologically distended ONS due to raised ICP and widened ONS not related to raised ICP.
Because the data were retrospectively analyzed, image acquisition was not optimized with respect to avoiding out-of-plane motion, which may deteriorate correlation-based tracking. To investigate the effect of the out-of-plane motion, we also processed the excluded data sets. We found that if all data sets were included, the median of the groups with ICP above and below 20 mm Hg would still be significantly different (P = .03). However, the AUC would be reduced to 0.69 (95% confidence interval, 0.46-0.87), and 7 of 32 (22%) data sets would have been wrongly classified. The example in Figure 5 shows the influence of out-of-plane motion for the (excluded) right eye data set of patient A. In this data set, a clear out-of-plane motion occurs at approximately 3 seconds into the sequence. Therefore, an option for this data set may be to constrain the analysis to the period from 4 to 10 seconds. Instead, we chose to let a blinded operator grade the data sets and exclude those interpreted to have extensive out-of-plane motion. Although improving the study, the grading is to some extent subjective, with no definite cutoff. Indeed, some out-of-plane motion could still be seen in some of the remaining images, and therefore may still be a possible explanation to why the approach failed for some of the data sets. The possibility of minimizing out-of-plane motion should be taken into account in protocols for future studies.
Also, the calculated displacements were small, and extracted by extensive spatial (region of interest window) and temporal (Fourier) averaging. Accuracy, reproducibility, and possible technical refinements of this novel ultrasound processing method should be further studied. Finally, it could be of interest to consider additional information, for example, the longitudinal motion, phase content of the Fourier transform (ie, the delay between motion at the left and right side of the nerve), and perhaps motion components other than the fundamental heart rate frequency.
CONCLUSION
This study illustrates the feasibility of noninvasive transorbital ultrasound for assessing optic nerve sheath pulsatile dynamics. The preliminary results demonstrate a significant difference between patient groups with ICP above and below 20 mm Hg, and thus support the suggested hypothesis of a relationship between deformability of the ONS and intracranial pressure. Therefore, the suggested measure may be relevant as a noninvasive marker for distinguishing between raised and normal ICP. To further investigate the hypothesis and the clinical value of the method, a validation in larger prospective clinical studies using blinded analysis is required.
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